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We present our calculation results for organic magnetic electrides. In order to identify the ‘cavity’
electrons, we use maximally-localized Wannier functions and ‘empty atom’ technique. The estima-
tion of magnetic coupling is then performed based on magnetic force linear response theory. Both
short- and long-range magnetic interactions are calculated with a single self-consistent calculation
of a primitive cell. With this scheme we investigate four different organic electrides whose magnetic
properties have been partly unknown or under debate. Our calculation results unveil the nature of
magnetic moment and their interactions, and justify or defy the validity of preassumed spin models.
Our work not only provides useful insight to understand magnetic electrides but also suggests a new
paradigm to study the related materials.
I. INTRODUCTION
Electrides are a special type of ionic crystals. In these
fascinating materials the electrons, trapped in cavity, are
the anions. Due to this characteristic feature, many pos-
sibly useful properties are realized such as high mag-
netic susceptibility, low work-function, and strong reduc-
ing character, highly variable conductivity, low tempera-
ture thermionic emission, high hyperpolarizability [1–4].
Recently room-temperature-stable organic and inorganic
electride have been synthesized [5, 6]. Most of organic
electrides are known to be antiferromagnetic (AFM) from
the field response [6–12]. In the sense that their magnetic
properties are presumably originated from the electrons
in the cavity, the magnetism of electrides is of unique
interest. Although some features of their magnetic in-
teractions have been modeled, such as that the electrons
are interacting via a vacant aisle, and classified accord-
ingly [13–17], a large part of their fundamental nature
still remains elusive. It is largely due to the limitation of
conventional ab initio calculation method.
The conventional way of investigating magnetic prop-
erty from first-principles is to calculate the interaction
parameter by comparing multiple total energies corre-
sponding to the ground state and meta-stable magnetic
orders. In this way, not only the ground state spin con-
figuration but the magnetic interaction strength are also
calculated as shown recently by Dale and Johnson for
electrides [18]. However, this conventional approach is
severely limited when the system size is large which is
indeed the case for many organic electrides. For large sys-
tems, it is difficult to calculate the long-range interactions
as the supercell contains too many atoms. While the
magnetic interaction in solid is typically classified into
the long-range (e.g., Ruderman–Kittel–Kasuya–Yosida
(RKKY) interactions) [19–21] or short-range (e.g., su-
perexchange interactions) [22, 23] nature, the identifica-
tion of even such basic character has been hampered by
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the large unitcell size for organic electrides. On top of
their intriguing features of interacting path presumably
through some cavity aisle, this practical issue limits the
ab initio study.
In order to meet this challenge, here we introduce a
new approach. First we employ so-called ‘magnetic force
response theory (MFT)’ [24–29] for calculating magnetic
interactions. MFT enables us to calculate all the
magnetic interactions residing in a given material within
a primitive unitcell and at one time. Thus, without
a supercell, one can estimate the magnetic coupling
parameter J as a function of distance for both short
and long range. In order to understand the magnetic
properties of organic electrides and to demonstrate the
capability of our computation scheme, we take four
different materials; namely, Rb+(cryptand[2.2.2])e−
(Fig. 2(a)), Li+(cryptand[2.1.1])e− (Fig. 2(b)),
[Cs+(15C5)(18C6)e−]6(18C6) (Fig. 3(a)), and
K+(cryptand[2.2.2])e− (Fig. 4(a)). Our calcula-
tions clearly show that the magnetic interactions in
these electrides indeed come from the localized electrons
as anions. Further we unveil their short-range versus
long-range nature of the interactions. In fact, for some
electrides, there is an indication of oscillating J which is
a signature of RKKY type magnetic couplings. In order
to make MFT feasible, one has to identify the trapped
electron states properly. For this purpose, we further
employ maximally-localized Wannier function (MLWF)
technique [30, 31]. Another difficulty in dealing with
electrides within first-principles framework is about
controlling magnetic order for the cavity electrons. With
a special constraint DFT scheme, we successfully sta-
bilized the magnetic solution of K+(cryptand[2.2.2])e−
for the first time. Our current work provides useful
information to understand the magnetism of organic
electrides.
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2II. COMPUTATIONAL METHODS
A. Magnetic force response theory
MFT is a method to calculate magnetic interactions at
a given electronic structure. In this method the exchange
coupling is estimated as a response to small spin tiltings
as a perturbation from the given converged solution [24,
29]:
Jij(q) =
1
pi
Im
∫ ∫ F
dk dTr[V↓↑k,iG
↑↑
k,ij()V
↑↓
k+q,jG
↓↓
k+q,ji()].
(1)
Here i and j are the site indices, and up and down ar-
row indicate the spin direction. Green’s function G is
represented as
G↑↑k,ij() =
∑
n
|ψ↑k,i〉 〈ψ↑k,j |
− ↑n,k + iη (2)
where n,k and |ψk,i〉 refers to the n-th eigenvalue and
eigenstate, respectively. V is given by
V ↓↑k,i =
1
2
(H↓↓k,i −H↑↑k,i) (3)
where H
↑↑(↓↓)
k,i is Kohn-Sham Hamiltonian corresponding
to the collinear up(down) spin.
The exchange interaction between two sites is calcu-
lated by Fourier transformation from k to real space.
Thus one can just take the minimal size of unitcell with
no need to consider large supercells. Once the localized
magnetic sites are well defined, MFT provides the ex-
change constants, J ’s, as a function of distance. Note
that in MFT we extract all the information from a sin-
gle self-consistently converged electronic structure. The
further details of our implementation and the results of
some classical example can be found in our previous stud-
ies [28, 29].
B. Calculation details
We perform density functional theory (DFT) calcu-
lations within generalized gradient approximation pro-
posed by Perdew et al. (GGA-PBE) [32] by employing
LCPAO (linear combination of pseudo-atomic orbitals)
method [33, 34] as implemented in our ‘OpenMX’ soft-
ware package [35]. It should be noted that the limitation
of GGA in describing the correlation effect can cause the
overestimation of magnetic couplings or the underesti-
mation of the charge occupation [28, 36, 37]. 3×3×3
k-points and 500 Ry energy cutoff are used for numer-
ical integration. Poisson equations are solved by using
fast Fourier transformations, and the projector expan-
sion method is used to accurately calculate three-center
integrals associated with the deep neutral atom potential
[38].
FIG. 1. (Color online) (a), (b) The calculated
band dispersion of (a) Rb+(cryptand[2.2.2])e− and (b)
Li+(cryptand[2.1.1])e− (blue line). The calculated MLWF
band dispersion is expressed in red lines.
In order to describe the characteristic feature of elec-
tride, namely the electrons trapped in the cavity space,
we employ the ‘empty atom’ technique for all of our sys-
tems. The empty atom technique, also called as ‘ghost
atom’ or ‘empty sphere’, has been used, for example,
to correctly estimate the basis set superposition error
(BSSE) [39, 40], and to treat a large void space [41–44]
within local basis schemes. In this method, an empty
atom is represented as an atom with a nuclear charge of
zero, which acts as a basis for describing the wave func-
tion of the empty space. We used two s, one p, and one
d orbitals with a cutoff radius of 11 a.u. as the basis of
empty atom. We determine the number of empty atoms
by comparing the band structure with the plane-wave re-
sult [45]. MLWF [30, 31] is also used to identify the mag-
netic bands as a localized state. We found that the posi-
tion of Wannier functions was well compared with the dis-
tances known from experiments [8, 9, 12, 46]. This com-
bination of empty atom and MLWF techniques enables
us to perform the MFT calculation to estimate the mag-
netic couplings. The s-wave symmetry for Wannier func-
tions is considered to describe the cavity-electron states
since they are clearly of s-orbital character from spin den-
sity plots seen in Fig. 2(a) and 2(b) for example. Fig-
ure 1(a) and 1(b) shows the calculated band dispersion of
Rb+(cryptand[2.2.2])e− and Li+(cryptand[2.1.1])e−, re-
spectively (blue line). The MLWF band is expressed by
red lines. An excellent overlap of the two bands (blue
and red) shows that MLWF well identifies the electronic
states in the cavity.
MFT calculations are conducted based on the
previously-known magnetic phase [18], namely,
G-type AFM order (in which all of the di-
rectly connected neighbors have different spins)
except for [Cs+(15C5)(18C6)e−]6(18C6). For
[Cs+(15C5)(18C6)e−]6(18C6), we consider the
intra-ring AFM order (see Fig. 3(a)). In order to
get the AFM phase for all other electrides except
K+(cryptand[2.2.2])e−, the initial spin polarization is
applied to the surrounding hydrogen atoms as in the
previous calculation [18].
For K+(cryptand[2.2.2])e−, however, even such an ad
hoc technique does not work as reported in the previous
3theoretical study [18]. As a result, the magnetic property
of this electride has never been theoretically addressed.
Here, we used a kind of special constraint DFT technique
to stabilize the magnetic order. In this scheme, the ini-
tial spin density is assigned onto the ‘empty atom’ sites
which means that the constraint is directly imposed on
the cavity. We further confirmed that this magnetic so-
lution is not just consistent with experiment but also
robust through the further self-consistent steps. It is
eventually converged into the magnetic solution with-
out any constraint. From this process, we successfully
obtained the well-stabilized self-consistent magnetic so-
lution of K+(cryptand[2.2.2])e− for the first time, on top
of which MFT can be conducted.
III. RESULTS AND DISCUSSION
A. Rb+(cryptand[2.2.2])e− and
Li+(cryptand[2.1.1])e−
Rb+(cryptand[2.2.2])e− and Li+(cryptand[2.1.1])e−
are the electrides with ‘ladder-like’ channel [8, 9]. Exper-
imentally, the magnetic property has been studied with
electron paramagnetic resonance (EPR) spectroscopy as
a function of temperature, and fitting to a certain ex-
change model. For these two materials, the EPR data
is well fit to ‘FN (first-neighbor)-1D Heisenberg’ model.
However, a recent calculation study [18] raises a ques-
tion against this conclusion [47]. The calculated J from
the total energy difference mapped onto the same FN-1D
model is found to be quite different from the experimental
data [8, 9]. It can be argued that this difference is at-
tributed to the next and longer-range magnetic couplings
[18]. Importantly, however, a solid conclusion could not
be made because the next neighbor interactions were not
accessible within the conventional computation scheme.
Hereby using MFT combined with MLWF, we calcu-
lated the exchange coupling constants as a function of
distance; from the nearest neighbor to the long-range
interactions. The results are presented in Figs. 2(a)-
(d). For Rb+(cryptand[2.2.2])e− (Fig. 2(a) and 2(c)),
MFT calculation shows that the first neighbor interac-
tion is dominant, J1/kB=56.3 K, while the second and
third neighbor interaction are much smaller, J2/kB=0.17
K and J3/kB= −4.56 K (see Table I). Thus our results
confirm that Rb+(cryptand[2.2.2])e− is well classified as
a FN-1D Heisenberg system.
On the other hand, Li+(cryptand[2.1.1])e− is not the
case (Fig. 2(b) and 2(d)). The calculated first neighbor
interaction is J1/kB=51.7 K, and the second and third
neighbor value is quite significant; J2/kB=6.69 K and
J3/kB =14.0 K (see Table I). Note that this corresponds
to 12.9% and 27.1% of J1, respectively. Thus it is hardly
regarded as a FN-1D spin system contrary to the previous
study.
Our results demonstrate the usefulness of the current
computation scheme for magnetic electrides. The MFT
FIG. 2. (Color online) (a), (b) The calculated spin density
of (a) Rb+(cryptand[2.2.2])e− and (b) Li+(cryptand[2.1.1])e−
where red and green spheres represent the up and down
spin density, respectively. We used the isosurface value of
0.00075 in atomic unit (a.u.). J1, J2, and J3 refer to the
first, second, and third neighbor interactions in (a) and (b).
(c), (d) The calculated magnetic coupling parameters for (c)
Rb+(cryptand[2.2.2])e− and (d) Li+(cryptand[2.1.1])e−. Our
calculation results by MFT (dark blue circles) are compared
with the previous calculation by total energy difference (green
triangles; Ref. 18) and experiment (magenta squares; Ref. 8
and 9). Note that both short and long range interactions are
calculated from MFT while only nearest neighbor values can
be obtained from experiments and total-energy-based compu-
tation scheme.
in combination with MLWF provides the long-range in-
teraction parameters and therefore one can have a reli-
able picture for the magnetism even if the system size is
too large to be calculated by conventional total energy
method. Further, our calculation confirms that the mag-
netic properties measured in the experiment indeed come
from the localized electron state in the cavity sites. It is
because MFT estimates the magnetic force in between
two sites, and in the current case, these ‘sites’ are de-
fined as the cavity electrons by means of empty atoms
and MLWF technique. We also emphasize that, in our
scheme, one does not need to build any a priori model
considering only a few neighbor interactions. The ex-
change parameters are calculated as the response to spin
tilting. This feature is advantageous when one needs to
consider any type of model building or to justify a certain
model.
4FIG. 3. (Color online) (a) The calculated spin density of
[Cs+(15C5)(18C6)e−]6(18C6) where red and green spheres
represent the up and down spin density, respectively. We
used the isosurface value of 0.00075 a.u.. The spin order in
this material can be referred as ‘intra-ring antiferromagnetic
(intra-ring AFM)’ configuration: Black lines show the con-
nections of the intra-vacant spaces of ‘six-memebered rings’
while yellow lines show the connections between the differ-
ent ‘six-memebered rings’. Yellow points represent the con-
nections which are invisible in the current view of Figure.
Note that each site is connected by two black lines and two
yellow lines or points. In terms of distance, the black lines
correspond to the first neighbor interactions (J1) and the
yellow dots/lines to the second neighbors (J2). The stack-
ing sequence of the six-membered rings is A-B-C-A-. . . from
the side view. (b) The calculated exchange interaction for
[Cs+(15C5)(18C6)e−]6(18C6). We estimated J values based
on two different spin density configurations (see main text for
more details), and the results are presented with dark-blue
circles and pink diamonds. For comparison, the previous cal-
culation (Ref. 18) and experimental (Ref. 12) data are also
presented. The two inset figures show the schematic spin con-
figuration based on which we performed the MFT calculation
for J ; namely, intra-ring AFM and ferromagnetic (FM) order.
B. [Cs+(15C5)(18C6)e−]6(18C6)
[Cs+(15C5)(18C6)e−]6(18C6) is an electride having
‘six-membered ring’ cluster structure as shown in
Fig. 3(a), and its magnetic susceptibility was reported by
Wagner and Dye [12]. We note that, in this experimen-
tal study, the measured data has been analyzed based on
a simple model assumption that the intra-ring couplings
are the only magnetic interactions [12]. From this analy-
sis, it was concluded that this electride has strong AFM
interactions.
The theoretical study was also conducted under the
same assumption that only the first-neighbor interaction
is important [18]. It is presumably because the compu-
tational cost is too large to calculate multiple total en-
ergies within the enlarged supercell geometry. In fact, in
order to simulate the theoretically-estimated G-type spin
ground state, one needs to calculate the 4080-atom super-
cell. In Ref. 18, the cell size of 510 atoms has been used
within which only the nearest neighboring J is accessible.
This result is plotted in Fig. 3(b) (denoted by green tri-
angle) showing that the difference between the previous
calculation and experiment is about 395 K. The origin of
the relatively large difference is unclear. It was indeed
concluded in Ref. 18 that this difference is attributed to
the supercell size effect.
In this context, MFT can give a useful insight since
it does not require any supercell calculation but it does
provide the longer range interactions. Fig. 3(b) shows
our MFT calculation results of exchange couplings as a
function of distance (see dark-blue circles and pink di-
amonds). Since the magnetic ground state cannot be
represented within the structural primitive cell, we con-
sidered two different magnetic solutions which can be re-
alized within this primitive cell; namely, FM (pink dia-
monds) and AFM (dark-blue circles). Here AFM order
refers to the AFM order in between the intra-rings (see
the inset of Fig. 3(b)). We first note that the two cal-
culation results based on FM and AFM spin density are
quite similar; the difference is less than 6.5 K. It not only
indicates that the spin-polarized electron states in cavity
are basically well localized as previously discussed [29],
but also implies that we do not need the real spin ground
state density in order to estimate J values [29].
The sum of all magnetic interactions is Jtot/kB =
(J1+J2+. . . )/kB= 53 K which is notably smaller than
the experimental value of 410 K (magenta square) [12]
(see Table I). It means that the difference between the
previous calculation and experiment is not originated
from the longer-range interactions or supercell-size ef-
fects. Comparing our MFT result with the previous total
energy-based estimation, the first neighbor J1 is in good
agreement with each other within 4.2 K. Importantly,
the second neighbor J2 is comparable with and slightly
larger than J1. Namely, the inter-ring interaction is siz-
able and the nearest neighbor spin model is not relevant
to this material. Our calculations clearly show that the
inter-ring coupling needs to be taken into account.
5Jn/kB
Name
Rb+(cryptand[2.2.2])e− Li+(cryptand[2.1.1])e− [Cs+(15C5)(18C6)e−]6(18C6) K+(cryptand[2.2.2])e−
MFT ∆E Exp MFT ∆E Exp MFT ∆E Exp MFT ∆E Exp
J1 56.3 78.2 30 51.7 177 54 19.4 15.2 410 9.6 - 440
J2 0.2 - - 6.7 - - 24.9 - - 5.7 - -
J3 −4.6 - - 14.0 - - 6.6 - - 148 - -
J7 0.1 - - 0.02 - - −1.3 - - −33.5 - -
TABLE I. Exchange parameters of 4 different organic electrides in the unit of K. Our calculation results by MFT are
compared with the previous calculations (∆E; Ref. [18]) and experiments (Exp). The experimental data can be found in
Ref. [9], Ref. [8], Ref. [12] and Ref. [11] for Rb+(cryptand[2.2.2])e−, Li+(cryptand[2.1.1])e−, [Cs+(15C5)(18C6)e−]6(18C6) and
K+(cryptand[2.2.2])e−, respectively.
Further, our calculation confirms that the spin ground
state of this material is indeed G-type. As mentioned
above, this material was speculated to have G-type AFM
ground state [18]. However, there is no experimental or
theoretical evidence for that. Theoretical confirmation
has been hampered by the large supercell size of 4080
atoms. Our MFT results of Fig. 3(b) clearly shows that
J1 and J2 are the two dominant couplings and both of
them are AFM.
C. K+(cryptand[2.2.2])e−
Our final example, K+(cryptand[2.2.2])e−, is also
known to be an AFM ordered organic electride [11]. For
this material, however, there has been no successful cal-
culation in obtaining the magnetic solution. The con-
ventional DFT calculation gives the paramagnetic spin
ground state as the converged solution even if starting
from the spin polarized initial condition. Even with ad
hoc treatment in which initial spins are assigned to the
hydrogen atoms around the vacant space, the magnetic
solution is hardly achieved [18].
First of all, we successfully obtained the magnetic so-
lution by applying initial spins directly on the vacant
space. We developed a constrained DFT scheme for as-
signing the initial spin moment to ‘empty sphere’. This
process is not straightforward in the sense that electron
spins need to be polarized within the empty spheres. We
applied the magnetic constraint during the initial 20
self-consistent steps, through which empty spheres are
occupied by polarized electrons. After that, the usual
DFT self-consistent calculations are performed with the
constraint turned off. With this scheme, we successfully
generated the well-stabilized AFM solution as shown in
Fig. 4(a).
On top of this spin density we performed MFT calcula-
tion and successfully estimated magnetic interactions for
the first time. Our results are summarized in Fig. 4(b).
First of all, our calculation confirms that this magnetic
phase is indeed G-type AFM ground state as speculated
in the previous study [18]. It is also consistent with an ex-
periment [11]. The largest interaction is the third neigh-
bor J3 which is notably larger than J1, J2 and others.
Interestingly the second largest interaction is J7 which is
FIG. 4. (Color online) (a) The calculated spin density of
K+(cryptand[2.2.2])e− where the red and green spheres rep-
resent the up and down spins, respectively. We used the
isosurface value of 0.0003 a.u.. (b) The calculation results
of magnetic interaction as a function of distance. The ma-
genta square shows the experimental result (Ref. 11) while
the dark-blue circles are our calculation results. For this ma-
terial, there is no previous calculation result because of the
difficulty in stabilizing the magnetic solution (see the main
text for more details).
about 25% of the J3. Our results is consistent with the
experiment [11] in the sense that the magnetic property
of this material can be described with two parameters in
two dimension. The total sum of all our J/kB ’s is about
110 K (see Table I).
6IV. SUMMARY
A new theoretical approach is applied to study mag-
netic electrides. Spin-polarized electrons trapped in
the cavity are identified by empty atom and MLWF
method, and their interactions calculated within MFT.
The usefulness of this scheme is shown by calculating
four different organic electrides for which the validity of
pre-assumed models have remained unclear. The long
range magnetic interaction profile as a function of dis-
tance is calculated and compared, which has not been
accessed by the conventional total energy calculations.
For K+(cryptand[2.2.2])e−, we apply a constraint DFT
method to stabilize the magnetic solution and calculate
the magnetic interaction for the first time. Our study
provides useful insights to understand magnetic electrides
and related materials.
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